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Abstract 
ZnO films with a c-axis significantly inclined away from the surface normal were grown by a 
remote plasma sputtering technique at room temperature. The films were used to make 
solidly mounted resonators (SMRs) operating in shear mode at a resonant frequency of 1.35 
GHz. Control of the ZnO microstructure was achieved using a polycrystalline AlN seed layer 
which can be added on top of a sputtered acoustic mirror to give a complete SMR device. The 
ZnO was reactively sputtered in an atmosphere of argon and oxygen from a zinc target. The 
c-axis of the ZnO was estimated to be at an angle of ~ 45° to the surface normal. SMRs were 
measured to have quality factors (Q) of up to 140 and effective electromechanical coupling 
coefficients of up to 2.2% in air. Although an inclined c-axis can be achieved with direct 
growth onto the acoustic mirror, it is shown that the AlN seed layer provides higher coupling 
coefficients and narrower inclination angular distribution. The responses of the devices in 
liquids of different viscosities (acetone, water and AZ5214E photoresist) were measured. The 
shear mode Q decreased by 45% in acetone, 72% in water and 92% in AZ5214E.
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Recently there has been a growing need for high sensitivity gravimetric sensors that can 
operate in liquid environments. In-liquid sensing can be achieved with the shear mode that 
has a significantly lower attenuation because the shear waves couple less into the liquid, and 
the energy losses are lower.1 The quartz crystal microbalance (QCM) is a well-established 
technology where a shear mode is generated across the thickness of a quartz substrate.2 
However the quartz substrates are thick (330 – 55 μm), consequently QCMs resonate at low 
frequencies (5 – 20 MHz).2 This limits the maximum mass sensitivity of QCMs, which 
according to Sauerbrey, is proportional to the square of the operating frequency.3 For higher 
sensitivities, higher operating frequencies are necessary.4 The quartz plates have to be made 
thinner, but this is expensive and the plates become very fragile. With thin film technology, 
piezoelectric materials such as ZnO and AlN have emerged as better alternatives to quartz as 
they can be reactively sputtered to the desired thickness for working at a determined high 
frequency in the 1 to 5 GHz range.5,6 Thin piezoelectric films can also be used in contour 
mode resonators where the resonant frequency is dependent on the electrode geometry, but 
the low operating frequencies (~ 160 MHz) reduce mass sensitivities.7 Thin film resonators 
are categorized by the structure used for acoustic energy confinement: the film bulk acoustic 
resonator (FBAR), made on a free membrane with air acting as the acoustic reflector and the 
solidly mounted resonator (SMR), which is fabricated on an acoustic reflector made of 
alternating high and low acoustic impedance material layers each with quarter wavelength 
thickness.8  
Polycrystalline thin films of ZnO and AlN with good piezoelectricity – both of which 
crystallize in the wurtzite structure – are obtained when all the microcrystals have the same c-
axis orientation and exhibit the same crystal polarity.9 This is achieved during sputtering 
under certain conditions that favor the preferential growth of the (000·2) planes parallel to a 
given direction. In addition, the nature, roughness and crystallographic orientation of the 
surface onto which the piezoelectric thin film is deposited are essential parameters for 
controlling the subsequent crystallographic and polar orientations of the piezoelectric film.10 
Usually the c-axis of the grown film is normal to the substrate surface, and this results in the 
longitudinal acoustic mode operation. Whilst this mode can be used in FBARs and SMRs for 
gas sensing, it cannot be used in liquid environments due to efficient coupling of the energy 
of the longitudinal mode into the liquid. Confining the liquid within microfluidic channels 
reduces the dissipation partially in longitudinal modes.11 However the channel thickness 
needs to be designed as a multiple of half the acoustic wavelength for each liquid being 
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sensed to reduce acoustic leakage. A shear mode is required instead for liquid environments. 
Lateral excitation of the shear mode through the d15 coefficient in c-axis oriented films 
consists of applying an electric field parallel to the surface of a c-axis textured film through 
two coplanar electrodes. In practice, the electric fields between the coplanar electrodes are 
weak, and excited shear modes have low electromechanical coupling coefficients (<0.01%) in 
SMRs.12 Stronger shear resonances can be achieved by thickness excitation of films with the 
c-axis inclined with respect to the surface normal, through the component of the electric field 
perpendicular to the c-axis and the d15 coefficient.12 In order to effectively excite the shear 
mode, the polarization axis of the film should have an inclination angle between 20° and 50° 
from the surface normal.13 Piezoelectric ZnO films with grains inclined away from the 
surface normal can be sputtered on substrates with controlled roughness so that the local 
surface on which the ZnO grains are nucleating is not parallel to the macroscopic plane of the 
substrates.14,15 If the flux of atoms impinging on the exposed facets is constant, the grains of 
the piezoelectric material will grow in different directions, leading to a randomly-oriented 
layer with poor piezoelectric characteristics. However, if the substrate is displaced away from 
the center of the target, an impinging direction is encouraged. Therefore the grains will grow 
faster on the facets that are most exposed to the atom flux and their inclination angle will be 
more uniform.16 A sawtooth surface profile is the best possible structure to achieve grains 
with a homogeneous inclination angle; yet such topography is difficult to fabricate. Instead, a 
layer with a textured surface is commonly used to grow piezoelectric films with inclined c-
axis.  
The focus of this work is to study the influence of two different surface textures in 
growing inclined c-axis ZnO at room temperature using a similar method for growing 
inclined AlN as reported previously by DeMiguel-Ramos et al.16. Deposition is at room 
temperature which is attractive to ensure compatibility with device processing and for 
temperature sensitive substrates (polymers and flexible materials). AlN seed layers were 
deposited under specific conditions that promote the growth of (10·3) oriented grains; these 
show a faceted surface with adequate local surface that is not parallel to the macroscopic 
substrate surface. The possibility of utilizing the roughness generated after the acoustic 
reflector deposition as an alternative surface texture is also investigated. The shear mode 
performance has been measured by fabricating and characterizing SMRs. 
 
First five layers alternating between porous SiO217 and Mo were deposited on a (1 0 
0)-oriented Si substrate to form the acoustic mirror. The five reflector layers (three of SiO2 
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and two of Mo) were sputtered in a pulsed DC Leybold Z550 system with 150 mm diameter 
targets of Si and Mo in Ar/O2 mixtures and in pure Ar respectively. The thicknesses (521 nm 
for SiO2 and 629 nm for Mo) were designed so that the reflectors have a reflection band for 
the shear mode centered at 1.2 GHz. The surface roughness of one set of reflectors was 
reduced from around 20 nm to less than 1 nm by chemical mechanical polishing using 
alumina slurry. After sputtering 50 nm of Mo as the bottom electrode, the AlN seed (~100 
nm) was deposited on the polished samples in an ultra-high vacuum sputtering system 
pumped down to a base pressure of 1.3 × 10-6 Pa to avoid oxygen contamination. A 150 mm 
diameter 99.999% purity Al target located at a distance of 55 mm from the substrate holder 
was used. The sputtering process was performed at a pressure of 0.67 Pa with a 60% N2 in Ar 
admixture and a pulsed DC power of 600 W, without any intentional heating of the susbtrate; 
these conditions promote the growth of (10·3) oriented AlN microcrystals.18,19 A high target 
utilisation sputtering (HiTUS) system was then used to reactively sputter the piezoelectric 
ZnO layer (800 nm thick) from a 100 mm diameter 99.999% Zn target in a 60% O2 in Ar gas 
admixture, at a total pressure of 0.24 Pa.20 A power of 1000 W from a 13.56 MHz RF supply 
generated the remote plasma and the Zn target was biased with a DC power of 800 W during 
the deposition. These conditions provided a sputtering rate of approximately 40 nm min-1 at 
the edge of the substrate holder. Off-axis deposition of the piezoelectric ZnO was achieved 
by reducing the distance separating the substrate holder and the target to 50 mm. Mo (~150 
nm) was then deposited as top electrode using a 99.95% target at a power of 100 W and 
pressure of 0.30 Pa in a DC magnetron sputtering system. Finally this top electrode was 
defined using standard UV photolithography followed by a dry etch process with a CF4/O2 
plasma.  
X-ray diffraction (XRD) was used to determine the crystal orientation of the ZnO by 
measuring the polar patterns around the (000·2) reflection (2θ = 34.02°). The resonators were 
characterized on a coplanar probe station with 150 μm pitch G-S-G RF probes (Picoprobes 
from GGB industries, USA) connected to an Agilent E5062A network analyzer in the 
frequency range from 0.5 to 3.0 GHz. The quality factors at resonant and anti-resonant 
frequencies (Qr,a) and the effective coupling coefficient 2effk  were calculated using: 
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where rf  is the resonant frequency, af  is the anti-resonant frequency and Yφ  is the phase of 
the electrical admittance, Y. The material electromechanical coupling coefficient, 2matk , of the 
ZnO for the shear resonance was extracted by fitting the experimental data with the Mason 
model.21 In addition liquids of different viscosities (acetone, de-ionised water and AZ5214E 
photoresist) were added on top of the active area by means of a micro-pipette and the shear 
mode Q at resonance was extracted. 
 The exposed facets of the AlN seed layers were observed by scanning electron 
microscopy (SEM) (Figure 1 (a)). The surface of an unpolished reflector (Figure 1 (b)) 
demonstrated larger grains (~ 100 nm) compared to the AlN seed layers, which had grains of 
approximately 50 nm and a clear faceting. A cross-sectional cut of a device on the AlN seed 
layer is shown in Figure 1 (c) and on a rough reflector is shown in Figure 1 (d). These reveal 
an inclination of approximately 40° in the ZnO grains. The XRD polar measurements (Figure 
2) confirm that the ZnO film on the AlN seed layer (Figure 2 (a)) had a c-axis inclination of ~ 
45° and a narrower tilt distribution compared to that deposited on the rough surface (Figure 2 
(b)), which had a mean inclination of only ~ 25° and a greater dispersion because of the more 
dispersed and less homogeneous local surface microscopic planes. Conversely the substrates 
with AlN seed layers mainly had a (10·3) orientation showing uniformly distributed facets of 
the basal plane inclined ~ 31° from the normal to the substrate surface. These promote the 
growth of a more uniformly inclined layer.16 ZnO films grown on surfaces with controlled 
roughness therefore have high c-axis inclination angles without requiring significant and 
complex modifications to the deposition system outlined in other similar work.15,22   
The electrical impedance spectra measured for a representative device of each set of 
resonator are shown in Figure 3. The devices exhibit appreciable shear and longitudinal 
modes but the frequencies were higher than the predicted value, because of thickness 
variation caused by the off-axis deposition. An estimate for the ratio of the longitudinal 
resonant frequency, Lrf , to the shear mode resonant frequency, 
S
rf , was calculated from the 
quasi-shear velocity, Sv , and quasi-longitudinal velocity, Lv  using: 
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where *33c , 
*
35c and
*
55c are the piezoelectrically stiffened elastic constants of the rotated crystal 
and ρ is the density.23 At an inclination angle of 25° for the rough reflector, the calculated 
ratio ( SL vv ) of ZnO was 2.06, whereas at 45° for the AlN seed, this ratio was 1.95. These 
were close to the experimental frequency ratio of 2.10 ( Srf  = 1.35 GHz, 
L
rf  = 2.67 GHz) for 
the rough surface and 1.98 ( Srf  = 1.36 GHz, 
L
rf  = 2.87 GHz) for the AlN seed. Devices 
fabricated on rough substrates had longitudinal modes with 2effk  of only 0.95%. For 
comparison, values of 2effk  for the longitudinal mode of resonators fabricated with the same 
conditions on polished substrates located at the axis of the target (pure c-axis oriented films) 
are around 5.4% at 2.5 GHz. Therefore with the inclined grains the electrical energy couples 
less efficiently into the longitudinal mode and more into the shear resonance. The 
electromechanical performances outlined in Table I demonstrate that devices with ZnO 
grown on AlN seed layers had higher 2effk  (~ 2.2% at 1.35 GHz) compared to the rough 
substrates (~ 1.3% at 1.36 GHz). Growing ZnO on a layer of AlN with controlled orientation 
improves the homogeneity of the inclination angles in the ZnO, which explains the higher 
2
effk of the shear mode in those devices. However the random roughness of the acoustic 
reflector surface leads to a greater range of inclination orientations as observed in the polar 
patterns (Figure 2 (b)), which deteriorate the electromechanical performance of the resonator. 
The shear mode Q was low (80 – 140) compared to similar work with inclined c-axis ZnO 
without a seed layer.22 A lower Q is equivalent to a broader resonance peak, which reduces 
the number of frequencies that can be resolved and hence limits the mass resolutions. 
However, the Q can be improved by using an electrode with a controlled roughness. This 
would eliminate the interfacial and scattering losses caused by either the random roughness 
of the acoustic mirror or the piezoelectrically ‘dead’ AlN seed layer. 
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The effects of liquids with different products of viscosities (η) and densities (ρ) on the 
shear mode of a device with an AlN seed layer resonating at 1.35 GHz are shown in Figure 4. 
The shear mode Q decreases from 139 to 76 (by 45%) in acetone (ρ = 0.79 gcm-3, η = 0.3 
mPa·s). In contrast, longitudinal mode Q (shown in Figure 5) is reduced by 87% in contact 
with acetone, thus rendering it unsuitable for in-liquid sensing. The shear mode Q decreased 
by 72% in water (ρ = 1.00 gcm-3, η = 1.0 mPa·s) and by 92% in AZ5214E (ρ = 1.00 gcm-3, η 
= 22 mPa·s). This Q decreased because the shear modulus of the liquid is non-negligible 
when its viscosity increases and acoustic energy leaks into the liquid. A frequency shift is 
also observed in the shear resonance with liquids of different ηρ products (see inset of Figure 
4). This is caused by the mass loading of the liquid due to a greater adherence to the resonator 
surface as viscosity increases, which decreases the shear mode frequency.24 The frequency 
shifts were proportional to (ηρ)0.5 as predicted by the model of Kanazawa and Gordon for 
thickness shear mode in QCMs.25 Nonetheless the number of liquid measurements was 
limited to 9 trials on average because of microcracking of the ZnO layer due to its porous 
nature and sensitivity to liquids, but this is acceptable for disposable sensors to which this 
technology is most suited. Having said that, capping with silicon oxide or silicon nitride 
outside the active area could solve this problem. 
 
It has been shown that by using a surface with controlled roughness and an off-axis 
deposition, polycrystalline ZnO films with a controlled and uniform inclined c-axis were 
grown at room temperature, which is promising for process compatibility and plastic 
substrates. 
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Figure 1: SEM micrographs of surface and cross section of the devices. (a): The AlN seed layer with 
exposed (10·3) facets that promote the growth of the inclined ZnO, (b): the surface of the unpolished 
reflector with large grains (~ 100 nm). (c): An inclined 800 nm ZnO sputtered on AlN and, (d):an 
inclined 800 nm ZnO sputtered on rough surface. The Mo and SiO2 layers from the reflector stack are 
also observed in (a) and (d). 
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Figure 2: Polar measurements of the angles in 3D representation and plain view for ZnO films 
deposited on (a) AlN seed with ~ 45° inclination and narrower dispersion and (b) rough substrate with 
a 25° inclination and broader dispersion. 
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Figure 3: Frequency response of the typical devices measured, the red line represents the device with 
AlN seed layer and the dashed black line shows the response of SMR with the rough reflector. Both 
set of devices demonstrate the shear and longitudinal modes, but devices on the rough reflector had a 
more pronounced longitudinal resonance. 
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Figure 4: Effect of liquids of different viscosities and densities on the shear resonance (of a device 
with AlN seed layer with shear mode at 1.35 GHz) demonstrating that when viscosity increases 
(acetone to AZ5214E photoresist), the Q decreases due to damping and the resonant frequency (inset 
denoted by *) decreases linearly with (ηρ)0.5. 
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Figure 5: Effect of liquids with different (ηρ)0.5 on the longitudinal resonance (2.67 GHz) Q, which is 
decimated immediately by 87%, 90% and 95% in contact with acetone, water, and AZ5214E 
respectively.   
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TABLE I: Shear mode performance of typical devices measured 
Substrates Srf  (GHz) Qr Qa 
2
effk (%) 
2
matk (%) 
AlN seed  1.350 139 116 2.22 2.09 
Rough  1.364 115 102 1.35 1.31 
 
 
 
 
 
 
